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AN ABSTRACT
FLAMMABILITY AND PHOTO-STABILITY
OF SELECTED POLYMER SYSTEMS
. BY
Jeelin Lo
Adviser: Eli M. Pearce
Submltted in Partial Fulfillment of the Requirement
for the Degree of
Doctor of Philosophy (Chemistry)
June 1981
A systematic approach to the improvement of the

flammability of epoxy resins, bisphenol-A polycarbonzte ,

' poly(butylene terephthalate), and Nylon 6.6 by introducing

halogens and loop functionality into the flame retardants
is described. The phthalides (the loop functionality
cortalnlng molecules) include 3; 3-b1a(h-bromophenyl)-

' phthalide. 3, 3 bls(h—chlorophenyl)phthallde, and- pnenol-

'phthaleln. The phthallde contalnlng epoxy resins are

.synthes1zed and characterlzed in comparlson w1th the

blsphenol -A epoxy resins in terms of flammability in the
copolymer systems. The‘r951ns include diglycidyl ethers of

pﬁenolphthalein, bisphenol-A, tetrabromobisphencl-4, and

N fetrabromophenolphthalein. The vaporization of the

phthalide additive in the polymers is observed in Thermal

Gravimetric Anaiysis._ The flame retardancy is primarily due

" to the presence of halogens. In the poly(butylene tere-

phthalaﬁe) system, the cleavage of the Caromatic'Br bond

. -> : o T3
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~of the flame retardant additive enhances the crosslinking
reactions between the aromatic rings resulting in an
increase of char formation. In the epoxy resin-systems,
loop. functionality contributes to char formation to a larger
extent. The inferaetion between the epoxy resin and poly-
(butylene terephthalate) follows the mechanism of insertion
of the oxirané ring into the ester bond. This mechanism is‘
studied by FI-IR. .' _ - Ny
The investigation of the thermal properties of the
char-forming phenoi-formaldehyde resins is conducted to
| provide infgrmation for the sysﬁematic‘design of high
.teiperature flame-resistént phenolics. NMR and FT-IR are
used to.characterize the oligomeric resins and the cured
resins. The curing asents used in the study 1nclude formal-
dehyde. s-trloxcne and terephthaloyl chlorlde The brominated
) phenollc resins are found to have higher oxygen indices" Wlth '
.. lower char ylelds. The nonhalogen-contalnlng phenolic
‘resins give a linear felationship between char yield and

oxygen index acco*d‘ng to the follow1ng equatlon-
$OI = 2. b + O 57 (% char yield at 800 c Né)

The dlfferences in structure of the cured resins are-
- observed from the FT- IR spectra. The s- -trioxane cured. |
resins contain long chain ethers and cyclic acetals aldng
o with the methylene linkages. The terephthaloyl chloride
jcufed resins are crosslinked through the hydroxyls and

:cbntain the inter- and intra—molécular estef‘linkages.'
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In the stﬁdy of the photo-Fries rearrangement‘ the
fluorene-based polyarylates prepared include 9 9'-bis(4-
'hydroxyphenyl)fluorene isophthalate (BPF-I), 9. 9'-blscresol
fluorene isophthalate (BCF-I), and 9,9'-bis(3,5- dlmethyl k-
hydroxyphenyl)fluorene isophthalate (BDMPF-1). The formation
of the o-hydroxybenzophenone moiety upon UV irradiation of
BPF-I and BCF-I can be observed in fhe UV and IR spectra.
The degradation of the polymer'structure of BDMPF-I is due
td jts inability to rearrange info thg o-hydroxybenzophenone
structure which can function as an internal UV-stabilizer.

A mechanism for this degradation is posfulated based on the

evidence from the IR spectra.
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ABBREVIATIONS

In addition to the common symbols and abbreviations,

the following are designated for the various monomers and

polymers.
DGEBA
DGETBBA
DGEPP
DGETBPP
PF
mﬁPF'

mBPF

- 'mCF
pCPF

'pBPF

pCF
X(F)-
x(T)~
x(c)~
BPF
BPF-I
BCF
. BCF-I
BDMPF

BDMPF-I

Qiglycidyl
Diglyecidyl
Diglyecidyl

Diglycidyl

Oligomeric

Oligomeric

- Resin

Oligomeric

Resin

Oligomeric

Oligomeric

" Resin

bligomerie

Resin

Oligomeric

Ether of Bisphenol-A

Ether of zetragromogisphenoleg
§£her‘of Phenolphthalein

Ether of Tetrapromophenolphthalein
ghenol-gormaldehyde Resin

mete-ghloroahenol—gormaldehyde
meta-Bromophenol-Formaldehyde

meta-Cresol-Formaldehyde Resin

para-Chlorophenol-Formaldehyde
para-Bromophenol-Formaldehyde

gara-Cresol—Formaldehyde Resin

Crosslinked with Formaldehyde
"~ Crosslinked with s-Trioxane

Crosslinked with Terephthaloyl Chloride

9, 9'~Bis(4-hydroxyoheny1)-fluorene

Polyisophthalate of BPF

9,9'~glsgresol-£1uorene

" 9,9'-Bis(3,

‘Polyisophthalate of BCF

5-dimethyl-4-hydroxyphenyl)fluorene

Polyisophthalate of BDMPF
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‘1. INTRODUCTION
» Thebgrowing use of polymers in a variety of
applications has created a great deal ef concern over their
>performance in many aspects 1nclud1ng flammablllty and .
photostablllty.
The initial goalsof the research in flammablllty are
@einly focused on the flame retardatlon'of polymers and not
their flame proofing due fo the balance of properties
required-ih these systems. As a result.vﬁany flame
retardants and flame retardant polymers have been and still
are being deve10ped. '
Recent advances in space and other technologies have
contlnued the development of high temperature resistant
" polymers. Theories and approaches in synthesizing these
peiymers_are mainly'ﬁased en structure-flammability relation-
' Ships. R o | .
' - One objective of this work is to utilize the
t structural featu:es of some high temperature‘polymefs in
-designing new and better flame retardants. An attempt has
also been made to introduce halogen sjstematically into" the
structure df'high temperafure phenolfformaldehyde resins and
to study their flame retardatlon S
‘ Developments in the area of organic photochemlstry
have glven assistance to the interpretation ‘of photo- -
-degradation processes and to the search forAnovel_methods of
etebiiizafion; 'Coneeqeently, many "tailor-made” stabilizers

are being developed for specific polymers. However, the use .




2.

of monomeric stabilizers has soﬁe crif{cal iimitations: (1)
incompatibility with.the polymers, (2) potential migration of
_tﬁe additives, (3) impairing the mechanical‘propertiés of the‘
polymers, (E) éxtractability and "blooming". | |

. Taking this into account, the systheses of photo-
fesistant polymers have considerable interests. Stabilizing
groups can be introduced into the polymér during the synthesis
and function as internal stabilizers. In this study the
: nature of this type of stabilizing process in fluorene-based
poiyarylates has teen investigated; The interprefations are
‘based on the spactroscopic observations. | »

1.1 Elements in Flame Retardation

_ﬁpon examining the different means of achieving

flame retardation, a number of guidélines have been established.
The ideal flame-retardant polymer system should have (1) a -
high resistance to‘ignition and flame propagation, (2) reduée@
smoke generation'and low toxicity of the combustibn»gases,
.(3) durability, (h) acceptibility in appearance and properties'
‘for specific end-uses, énd (5) little or no epoﬁomic penalty(l).
A brief anatomy of a combustion process can be shown

by the following scheme:.

' Decomposition
Heating‘h\\\~' 3 - ®Ignition
E Combustion A

b
Consumption




The burning of a pdlymer requires a heat source which causes
degradation and decomposition of the polymer. Decohposition
leads to the formation of ﬁarious fragments which are
Susceptible to ignitibn and combustion. Heit generated from
the combustion.process supports further decompoéition of the
material. Fiame fetardation can be achieved by interrupting
the bufning pfoéess at one of the arrows'shown“in the scheme.
At stage'A decomposition of a'polymer is usually initisted by_‘
oxidatlon resulting in the formatiocn of active free rad‘cals
Thls process can be ‘interrupted by chain transfer agents.
such as amines, phenols and halogen compounds. Materials
‘used in stages B and C to prevent ignltion and combustion
‘usually are the chemicals which can develop noncombustlble
gases, such af pzo. hydrogen balldes. 002 and NH3iwhen
decomposgd. These noncombustible gases may act as gas-phase
diluents for thechmbustible decompoéition prbducts obtained
from the polymef. In addition to being a gaé—phase diluent,
- the water released from materialé. such as A1203'3H20 can N
also dissipate the heat generated at stage E and thus
_inhiblt the burning process. There‘aré materials which sre
: actlve in the condensed phase to prevent 1gn1tlon and
c combustlon. Such materlals can form nonvolatlle char or
glassy coatings whiéﬁ minimize'the oxygen diffusion to the
polymers and ‘also reduce the heat transferred from the

>flame to the polymer(z)

There are many ways to measure the flammablllty of

a material. A test that has been w1dely used on a laboratory




scale in recent years since its initial development in 1966

is the Oxygen Index (0I) test(B). In the 0I test, the
material in the form of either a rod or a sheet is clamped
vertically and ignited at the top, so that it burns in a
candle-like manner in an upward-flowing mixture of oxygen
and nitrogen. The oxygen concentration of the gas is then
adjusted until the minimum level for sustaihed burning is:

reached. The 0I is then defined as:
oI = (200 x [0,])/([N,] + [0,])
. where [02] and [Né]vafe the volume concentrations of oxygen

"and nitrogen, respectively.
-1.2 Structure-Flammability Relationship

. A number of studies have been concerned with
'developlng correlatlons between the structure of the polymers
and their char formatlon. Char yield thus becomes an

; iﬁportant measurement in flammability studies. It is
'defined as the char residue in weight % at'800°C in a.
"Thermal Grav1metr1c Analysis under nitrogen atmosphere.
Parker, et al. ) have correlated char yleld w1th the
;'number of moles of multiple bonded aromatic rings per gram .
of'polymers (Figufe l): Van Krevelen(5) has developed a
llnear relatlonshlp between char yields and oxygen lndlces
of polymers (Figure 2) and a prediction of the amount of v
char yleld from the number of aromatic unlts in the polymer.
"Be31des aromatic structures, char formatlon can also be
increased by introducing cyclic functional‘side groﬁps

(cardo groups) in the polymers. Such polymers are termed -




_ CHAR YIELD, AT 700°C, percent"

(POLYPHENYLENE)

o (PHENOLIC'NOVOLAC’
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40 ———— L~ —OPTIMUM FIRE RESISTANCE
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. H >! _1 1 . ! L 3
o 2 4 6 8 (o -

- NUMBER OF MOLES OF-MULTIPLY BONDED
AROMATIC RINGS PER gm OF POLYME

Figure 1: Effect of Aromatic Structure on Char vield.

Je Ae ?arker, Ge Me Fohien, and P. M. Sawko, ?aper_

Presented at Conference on Transparent Aircraft
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"cardo polymers”. These polymers have been the subject of
an eicellent review(é) Systematic studies on cardo polymers
~ have begun with the syntheses of high molecular weight poly-
‘arylates from phenolphthalein and various dlcarboxyllc acids
in 1961(?). So far numerous cardo polymers with various

cardo groups (see below) have been synthe31zed.

o o o oi‘ @éo
. 0 NH
Y ]
c 6

It has been found that the presence of cardo groups 1n '

© different hetero- and cardo-chain polymers endows them w1th
vnot only enhanced thermal stability but also excellent k
solublllty. wh1ch is of particular 1mportance in aromatic
polymers with rigid chains.

l 3 Flane Retardant Addltlves

‘For the evaluatlon of speclflc contrlbutlon of
cardo group contalnlng addltlves %o the thermal behavior of
_polymers, a series of compounds based on the phthallde group'
have been synthe31zed. The effects of varylng amounts of

fiihevphthaliee,édaitives on the flammability of bisphenol-A
.\'polycafbonafe, poly(butylene terephthalate), and nylon 6,6
'v.heye'been stndied by thermal analjtical techniques and
:'Fourler'Transform Infrared Spectroscopy (FT—IR).'
: Flaﬁe-retaroant resins can also be_used as the
additives:incorporated into'nonhelogenatedbresins in orden

to impart some useful degree of flame.retardancy to the




paterial. One example is the use of tetrabremephthalic

‘ - anhydride polyester resins in henhalcgenated polyester

_ resins(s). Using a polymer resin as a flame-retzrdant
additive has the advantage that the additive would not
subsequently leach out of the syétem‘once the resin system
is crosslinked. In addition it can  be easily mixed with
a'polymer resin at a variety of levels depending cn the
degree of flame retardancy desired for a particulsr
application.

| The syntheses of fleme retardant epoxy resins of
tetrébromo- and tetrachloro-bisphenol-& have besn reported
in detail(g'lo). ‘The use of tetrabroﬁebisphenol—é epoxy

‘ resin as an additive in the'acrylonitrile—bgtadiene-styrene
.copolymer éyétem‘il) and polycarbonate system(lz) has been
.reporfed'inlthe literatﬁre. These'halcgénate& rééins, how~
>'e§er; are too viscous for many applications(lj)._ Cardo -
.group containing epoxy resins, on thé other hznd, are
mostly solid fesins due to the fact that the cyclic side
groups increase the glass transition témperature (Tg) ofib
the poiymer(lu). The solid resins provide no unusual
problems in sample handling and formulation.

_ » f The,diglycidyl ether of Q,5.6.7—tetrabrvmephenol;i‘
“ phthaiein (DGETB?P) has been synthesizéd and co;clymeriied '
with the diglycidyl ether of bispherol-A (DGEIRA) and

~ evaluated as an additive in poly(utylene terephthalate).
The DGETBPP/DGEBA system actually forms a copolymer once

the resin is cured by phthalic anhydride. The evaluation




of the cured DGETBPP/DGEBA copolymer in terms of thermal

properties is based on a comparison with the system using
the diglycidyl ether of tetrabromobisphenol-A (DGETBBA).
The degree of curing has always been an important
‘factor in determining the'properties.of the final products.
It is also important to monitor the curing reaction in order
to ‘adjust the curing conditions. For this purpose FT-IR has
:been used to follow the curing reactions. In addition, the
spectral subtractlon routine is applied to the deterﬁination
of the changes in chemlcal structures.
In the poly(butylene terephthalate) system the curing

" is caused by the interaction of the oxirane riﬁg with the
ester groups and proceeds by the mechanism of "insertion" of
.the fragment of the ox1rane ring into the ester bond w1thout
>.scls51on of the molecular chain of the polyester(IS) The
effects of various amounts of DG ETBBA and DGETBPP on char
- yield and oxygen index of poly(butylene terephthalate) are
compared. _ " ‘

» "It is ‘also interesting to know how much contrlbutlon
to the flame retardancy is due to the presence of bromine in
:the ;esxn. The-d1glyc1dyl ether of phenolphthaleln has been
‘~‘ sjnthesized‘and formulated in the same fashion as that of the
‘brominated resins. The analysis of the results gives an »
evaluatlon of the effectlveness of bromine and cardo groups
. for flame retardatlon. '

1.4 Modlfled and Flame Resistant Phenollc Resins

That phenols and formaldehyde react has been known

(16) and others. The substances :

as far back as 18?2 by Bayer
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obtained by these investigations were merely of theoretical»
interest and no attempt was'made to utilize them ccmmercially.
With the advent of cheap commercial formaldehyde, Klee-
: berg(l7) continuéd the investigation and obtained a cross-
linked, insoluble resin by the reaction of an excess of
formaldehyde in the presence of hydrochloric acid. Luft(la)
was the first one to develop technical appiications for
curable phenclic resins. The process involved an acid
catalyst,’;.g.; sulfurie acid, and a suitable solvent
system.‘sych as a mixture of formalin and glycérin. The
resin waé able to be moided or drawn into threads. In 1907
Baekeland applied for his "heat and pressure" patent(l9)
for the ﬁrecessing of phenol-formaldehyde resins. This
technique madé possible the worldwide application of
phenolic resins. . v ‘

_ The conditions. mainly pH and temperature, uhder
. which reactions of phénols with formaldehyde are carried
out,have a profoundvinfluence on the charaqtér‘of'thé
ﬁroducts 6$tained. Resol resins are the products'of the
reaction betweén phenol 2nd an excesé of formaldehyde
(1:1.5-2) in the alkaline pH-range?®). Initially, phen-
oxide ions are formed from phenol under alkaline conditions;
 De1ocalization §f the electron paif‘on the oxygen ion results
.in increased electron densities at the o- and ﬁ—positions.
‘This-éffectkﬁdstb suEstitution of'phenol by eleétrophiles :

atvthe'g— and p-positions. The first—sfép product, o- and

' .‘B-methylolphandls,(sge'below).‘are more reactive towards




OH OH
(:> CHZOH
: _ CHZOH ‘
o-Hydroxymethylphenol : p-Hydroxymethylphenol

formaldehyde than the original phenol and rapidly undergo

further substitution with the formation of di- and tri-
methylol derivatives (see beldw)(ZI). .

OK ' OH"

OH
CH,0H HOCH2—© CH,0H  HOCH, O CH,0H

ll'

CH,0H - CH,0H
o0,p-Dihydroxy- 9.9'¥Dihydroxy- ' Trihydroxy-
methylphenol . methylphenol ~methylphen01

The methylolphencls then undergo self—condensa ion to form

dinuclear and polynuclear phenole in which the phenolic -

nuclei are linked by methylene groups. The crosslinked

polymers are obtained simply by heating(ZZ)‘

Novolak resins are ‘normally prepared by the inter-

=act10n of a molar excess of phenol w1th formaldehyde

(1. 25: 11) under acidic condltlons(ZB) In the first step,
the formation of a hydroxymethylene carbonlum 1on from

" methylene glycol occurs: B .
' -”H+.'+ C

HO~ CHZ-OH —_—> -CHZ—OH + H 0

v The second step is the addlxlon o* the hydroxymethylene

carbonlum ion to phenols




0K

CH OH
+ CHZ OH._il.Q‘__x ©<CH20H ___f_a_.& @ K"

In the presence of acid the initial products, o— and p-

methylolphenols, are present only transiently in very small
concentrations. .They are converted te benzylic carbonium ions.
: which rapidly react with free phenol to form dihydroxy-
daphenylmethanes(Zk‘zéx-

CH

...cnzo}{ ©_cn 20H, 6 2 . 0
@ @ ‘C)“‘%
. Folynuclear phenols are produced py further methylolatipn
vvani methylene link formation. The final feein can'be cured
by the addltlon of a crossllnklng agent :

. Cured phenolic resins have good heat stability,

:esistence to most chemical reagents, and good mechanical
properties. Thevprinciple'uses include thermosefting molding - -
powders, laminates, adhesives. binders and surface eoatings..
The highly.crosslinked fiﬁer named’Kynol(z?) has been
‘v developed from phenolic resins and is largely used in
rlame-proof apparel.

The thermo—ox1dat1ve re31stance of phenollc resins

can te further “improved by chemical modifications. The




'_follqwing methods have been used(zs):

1. Btherification or esterification of the
"phenolic hydroxyl groups,

2. Cqmplex formation with polyvalent elemenis
~(Ca, Mg, Zn, Cd,***),

"3. Replacement of the methylene linking groups
" by heteroatoms (0, S, N, Si,***).
The present study is initiated with a view to
making modifications of the flammability behaviors of

phenolic resin by using substituted phenols. Also,

13.

esferifieation of phenolic hydroxyl groups has been aﬁplied

:to_the‘system by using terephthaloyl chloride as the curing

_ agent' Thls mah§3p0351ble the crosslinking of p-substituted

-'phenollc re51ns Modification by. esterlflcatlon has also.
"~ been repor*nd by Le1(29) in the synthes1s of n—cblcro-v
fphenollc fiver. The crosslinking of the fiber involves '

frreactlons between ‘the hydrox*ls and the diacid chior;de.,

1 5 Pboto—stablllty of ¥} uerene;Baéed Polyvzrvistes

) 1.5. 1 Basic A roaches
v Polymers contalnlng certaln chromophore< cﬁn
- absord llgh‘ followed by photochemlcal reactlons \hlch
ﬂf.functlon as one ‘mode for the dlss1patlon of: ‘the zbsor bed

'ienergy. - Sach photochemlcal reactions have included tre

‘:-formatlon of free radlcals, phot01on1zatlons. cycl:zatvons.,

"flntramolecular rearrangements. and fragmentatlons.

Many polymers have been protected against photo-

L degradatlon by the addltlon of stablllzers. These addvtlves

b_ have been of two general types: llght,screens and ultra—




violet (UV) absorbers. Light screens function"“either by

absorbing damaglng radiation before it reaches the polymer
surface or by limiting its penetration into the polymer bulk.
Coatings and pigments are classified ae light screens.
- Carbon black is by far the most effective pigment. Its
effectlveness can be attrlbuted to a combination of being
.light screen and an absorber through energy dissipating
mechanisms in its polynuclear aromatic structures(Bo). .The
uv ebsorbers fuhctiens ‘bj absorbing and dissipating UV
irradiation.throﬁgh pheto-physical processee. Most’ 1mportant
vis the internal conver51on process which changes electronic
,energy into v1brat10nal energy by a radiationless route with-
out a change in spin multiplicity (Sl-——> Sgr S, ——9»81) It
. has been a maaor proposed mechanism for photostablﬁlzatlon by'
E additives such as o- hydroxybenzopnenones (I), o-hydroxy-
:  pheny1benzotr1azoles §II), and salicylates (III)(31):
H\ ’

~

b’ \@ @»—@ @r

am - am
_These compounds have a common structural feature, the
intraﬁolecﬁlar(hydrogen bond. The photo—stebilization
mechanism 1s considered to be the result of e rapid Charée-b

'transfer transition,
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0
,—” ‘\\[:::] [:f:] ¢
. which may be facllltated by the strong 1ntramolecular

hydrogen bond(32 33)

The protective acfion Has also been found in the case
of resorcinol monobenzoate which is almost as effective,as
2, h—dlhydroxybenzophenone. The cémparable effectiﬁenessis
due to the fact that resorecinol monobenzoate is  converted
- by sunlight into 2,h-dlhydrcxybenzophenone by a photo~Fr1es

rea;rangement(Ba).

: ‘ -0, by A ~
o O =0 T
. R R 7 OH
The photo-Frxes rear*angement has been flrst
: reported by Anderson and Reese(35) in 1960. A s1mple eXample
is - the rearrangement of phenylacetate in ethanol to glve '
o= and E—hydroxyacetophenones and phenol:

ethanol
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The rearrangement has been found to occur for many derivatives
(38.39)

of phenol:phenyl esters(35-37) arylalkylcarbonates
(1)

phenoxyacetic acids(uo). and hydroxyphenyl cinnamates

A recent review of the photo-Fries rearrangement has been

.published by Bellus(uz).

Two mechanisms have been proposed for the photo-Fries
rearrangement. Anderson and Reese(u3) have suggested a
*molecular" pathway, involving a bridged intermediate of type (I).

9 _
0 - |0 |—
R' L R
zv
0 o
3
or + «CR —
'.. : R'. .‘ ! F: .
S (1)
—_ SR
T S
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A similar intermediate is considered for the para-
rearrangement. Kobsa(36) and Finnegan and Mattice(B?) have
proposed a “cage radical pair" intermediate (II), in which
C-0 homolysis is followed by the attack of the resulfing
-acyl radical on the ortho or para position of the phenoxy
radical with subsequeﬁt enolization.

1.5.2 Polvmer Photo-Rearrangement

It has been démonstrated that many photochemical
reactions shown by small organic molecules can be induced in
polymeré'when the same éhromophores are bonded to a polymer
backbone(éh). The rearrangement of poly(4,4*-diphenylol-
propane isophthalate) to o-hydroxybenzophenore mbiéties:can
be taken as a typicél representation of the photo—Fries |

'rearrangement in a polymeric system(a5)£

C CHy, 0 0
a3 o 0 hy
—40-@—2H—©—o-c O >
3 . .
| M
10O "—Or-on
IR o

5—
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v

In the work of Cohen, Young»and_Markhart(ué). the photo-Fries
rearrangement products in poly(aryl esters) and Poly(aryl
caibonates) are considered to be the internal UV stabilizer
of the hydroxybenzophenone type. Korshak et g;.(a7) have
also reported the synthesis of polymers capable of self-
stabilization. ' ’

It is suggested that the rearfanged pelymer
functions as a coating to prevent further deterioration of
the polymer bulk. ' _

- In the present work wé have investigated the
éhemicalichanges which occur during the UV irradiation of
fluorene-based polyarylates.' The derivatives of fluorene-
based poiyarylate substituted in the phenol ring ortho-
positions by methyl groups have also teen synthesized and
siudied._ The results have provided an insight int0'the x
: structufal réquireéent for producing photo-Frieé réarrange—

- ments in polymers.
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2. EXPERIMENTAL ,
2 1l Standard Procedure for the Preparatlon of
: Phthalides :

C-Cl - '
o F el
2 .
. -Cl :
] . .
o .

(R = Br, C1, OH)

Phthalides prepared for the studytinclude
3 B-bls(h-bromophenyl)phthallde, 3 3-bls(4-chlorophenyl)—
phthallde, and phenolphthalein. e

To- a mixture of (0.25 mole)vof”‘ .phthaloyl chloride
(Aldrich) and 78.5.g (1.56 mole) of_tromebehiene,(Aldrich).f_
16.7 £(0.125 mole) of anhydrous aluminum chloride (Fisher)
is added 1n small portlons- A few drops of thlonyl chloride
”(Aldrlch) are added as go- catalyst The mlxture is cbarged
" into a 500 ml round bottom flask connected with a reflux
condenser and heated in an oil bath w1th stlrrlng at 110° ¢

for 24 ‘hours. The reactlon mlxture is then steam dlstllled

'fb_to remove the unreacted bromobenzene. The res1due left ln

' the flask 1s extracted with hot dllute hydrochlorlc acid to

| remove alumlnum salts. The re51due 1s then ‘filtered. and
'washed w1th dilute sodlum chlorlde solutlon The productbie
dlssolved 1n hot acetone and decolor*zed over decolorlzlng
carbon. One crystalllzatlon from acetcne glves 96.5 g (8?%)

-of flne llght yellow crystals. Further purlflcatlon gives

v
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white crystals, m.p. 184,5-185°C.  IR: 1860 cm > (¥ ~lactone),
1080 cm ! (BrCSH4—). TLC: one component.

Anal. Calcd for 020H22028r2 c, 54.,10; H, 2.71; Br, 36.02.
Found: C, 54.25; H, 2.68; Br, 36.15, . A -

3,3-Bis(4-chlorophenyl)phthalide

Yield : 90%

(965

m.p. 3 154;5-155°c. (Baeyer reported 155-155°¢)

IR - : 1760 em (y-1actone), 1096 cm™ (c1c4a4q).

TLC t one component.

Anal. Calcd. for 020H2202012 c, 67.68; H, 3.38; C1, 19,97,

Found: . C, 67.33; H, 3.44; Cl, 19,74,

The same product was obtained in 84% yield by

(97) (98)

’ Blicke et al. Bradlow et al. reported the preparation -

of 3,3-bis(4-f1uoro§heny1)phthalide in 92% vield by the
similar method, ' The gara—isomérs are cthidefed to be the -
main preducts.(gg)» ' e

2‘2 Phthalides Used as Additive in Polymers

Bisphendl-A pelycarbonate‘(Polysciences), Nylcn 6,6
(Monsanto), and'poly(butylene terephthalate) (AMP) are selectéd.
tér the study. Polymer films containing phthalides ere cast
:from t:ifluoroacetic-acid'and dried at. 25°C under vacuum.

~ Thermal Gravimetric Analysis (TGA) meaeurewents of
the resulting films are made under nitrogen using a Du Pont 980
'_Thermal Gravimetric Analyzer and 950 Thermal Analyzer. '
.Oxygen indices are taken by using GeneralElectric CR 280
-FM 113 Oxygen Index Flammabllity Gauge, ‘Infrared spect*um of
v the gaseous products is taken on a Digilab FTS—2OB Fou*ler .

Transform Spectrometer.
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- 2.3 Standard Procedure for the Preparation of
Epoxy Resins ’

' 0 ) :
/ \ \
HO-R-OH + C1CH,-CH —— CH, NaOH o

2 n .

CH CH-CH,,=0 - —R-0-CH - CH~0—R~0-CH,~CE CH,
| Ot | .
R = .@_c __@_ DGERA
- R , :
by |

Br CH

v i3 g '
o= ¢ —O) - DGETERA
» CHy BT

Br.

= @‘o .- . DGEPP

DGETBP?P
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2.3.1' Preparation of 4,5,6,7-Tetrabromophenolphthalein

' o o HO. ) oH
OH Br ﬁ Br
Br C. ZnCl1,,50C1, Br. '
2 + 0 ' > 0
Br ¢’ 150°, 48 hrs’ g s

g
‘Br 3 - Br g

" Approximately 29.5 g (6.35xloﬁgle) of tetrabromo-

bphthalic anhydride (Aldrich) is added to 46.6 g (0.5 mole)
of purified phenol (Aldrich) in 2 500 ml round bottom flask -
_ comnected with a reflux condenser. To the mixture lO g

_ (O.d? mole) of zine chloride and 1 ml of thionyl chloride
‘are added. The flask containing the reaction mixture is then
immersed in an oil-bath and heated to 150% with stirring.
Hydrogen chloride gas is evolved during the first few hours
of reéction. After 48 hours the reaction mixture turns'dark
- and viscous; The resulting mass is then.steam-distilled'to‘
remove éxcess bheﬁol. The solidvreSidue is collected aﬁd .
diésolved inva‘largé'amount of'éN sodium hydroxide sdlutipn.”
The solutionbis filtered through Celite and precipitated'
into a large amoﬁnt of dilute'hydrochloric acid solution.
-The preciﬁitate is collected and washed with distilled water.
‘The cfudé—material is dissolved in acetone and decélofized
-gver chércoal‘followéd'by reprecipitation in distilled water.
Rgpéated fecrystallizétions_ffom hot 95% alcchol are
’ :performed by carefui saturation of the clear solution with
_distilled-wafer{ Colorless powders, m.p. 314°C (DSC) is

[
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obtained., The yield is over 90%.

Anal Caled. for 020H108r404 C, 37.90; H, 1.59;

Br, 50.42, Found:’ C, 37.78; H, 1.71; Br, 50.00.
The NMR spectrum shows a symmetrical AA'XX! patterh
for the aromatic protons (see below), indicating that

phenols are gara—substituted.(loo)

2.3.2 Epoxy Resin Preparation , _

| To a So.ml four-necked flask equipped with a stirfer,
a thermometer, a dropping funnel, and a reflux condenser is
tadded 28 g (4. 4x10"%mole) of 4, 5,6 7-tetrabrofnopheool-
Ephthaleln and 81.7 g (S 8x10 2mole) of distilled epichlo ohydrin
(Aldrich). The reaction mixture is heated with stirolng to
80-90°C. The 40% NaOH solution (8.8x10™2mole) is then added
'droowiée over a period of 30 minutes., The reaction mixture‘
turns from deep puiple to orange color in 2 hoors. After
another one hour the reaction mixture is cooled and filtered.
"The clear aqueous upper layer is siphoned off and the resin 1s’
slurried with 200 ml of distilled water. The mixture is |
heateo atvso-80°c.' After settling, the.aqueous layer‘ie
_again siphoned off.: This washing procedure is repeated several
times unt11 100 ml of the wash water consumes less than
" 0.15 ml of 0.1 N HCl‘upon titration (indicator: Methyl Red).

The resin is vacuum distilled at 120%. _The resin soldifies




upon cooling. The solid resin is then dried at 100°C at

reduced pressure 6vernight.

2.4 Characterization of Epoxy Resins

Diglycidyl Ester of Bisphenol-A (DGEBA)

This resin is characterized by using ASTM D-1652-73
method(as). The sdlid resin is heated to melt and filtered
through glass wool. To a solution of 10 ml of 50 volume
percent'of chlorobenzene in chloroform, 0.5 g of the reéin
is added. The solution is stirred with a magnetic stirrer.
Four drops of 0.1 percent of crystal violet (4,4°,4"-methy-
lidyne tris-(N,N-dimethyl-aniline)) solution in glacial
-acetic acid is used as the indicator. The solution is
titrated with 0.1 N of hydrogen b;omide in acetic acid
(standardized by 0.4 g of potassium hydrogeh phthalate). The
L solution.tﬁrns from light green to red indicating the

‘.end-point. _ S L
Welsht per epox1de equlvalent = {g%é%g%%%

Weight of sample
= Milliliters of HBr used in tltratlng sample
Milliliters of HBr used in titrating blank
Normality of HBr.

L

[}

2w =
y .

- - The weight per epoxlde equlvalent of DGEBA is
~ found to be 192 g.
Qiglxcidyl Ether of - Phenolphthaleln jDGE P)

Weight per epoxide equlvalentx 247, »
iglxdldyl Ether of Tetrabromoblsphenol-A (DGETB )

. Welght_per epoxide equivalent: 800.




25.

Diglycidyl Ether of Tetrabromophenolphthalein .
(DGETE2P)

Determination of epcxy content of DGETBPP by ASTM
rethod has failed to provide a reliable result due to théE
ambiguous end—pointvupon tiiration. Another procedure for
determinatien of epoxide equivalent by the pyridinium
chloride method(hg) is used.

Exactly 0.317 g of epoxy re31n is dissolved 1n
25 ml of 0.2 N pyridinium c«lorlde—pyrldlne solution (16 ml
conc. HC1 per liter of pyridine) in a :ound bottom flask
cénnected with a reflux cdndensér. The solution is heateq :

%0 reflux with stirring for 25 mingtes. After refluxing, the
. solution is cooled with the cchdenséf in place. Fifty ml O$'
methanol is added tﬁrough the reflux. condenser and let dréinr-i'
The solution is then titrated with 0.5 N standardized
ne*bancllc \aOF‘to & plnk nd poxnt of 15 drops of phenol—

ph nalezn.

o ' s . 16) (sample wei ht, &
ﬁelght-per epoxide equlvalgr {g 35 oxgrane oiygen in sample)

Grems of oxirane oxyzen in sample = (A—B)(N)(0.0lé) .
A = NMilliliters of NzCE for blank e
B = Milliliters of NaCE for ‘sample
. N = Normality of NaOE =~ = -
0.016 = xllliequlvalen» weight of oxygen in grams.

‘ ' The weight of resin per epoxlde equlvalent is found
to be 537 - I o ‘ :'
Anal. Calcd. for CzéﬁlnoéBraz ¢, 41.86; H, 2,§3;i1 o
-, Br, 42.8&; Molecular weigh®, 746v3_Eound: “C, #1.63;_-
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" H, 2.54; Br, 39.84; Average molecular weight, 80S.

NMR (6): 6.85-7,22 ppm (aromatic protons)
© 2.73-2.91 ppnm ( -ca )
3,23-3,35 ppm ( ~CH~ )
3.64-4,28 ppm ( ~OCH,~ ).

The DSC traces of the uncured resins (Figures 3-5)
are taken on a DuPont 910 Differential Scanning Calorimeter
and 1090 Thermal Analyierr The absence of"rm in DGEPP and
DGETEPP suggests that both resins'are highly amorphous.

The appearance of an endothermic giass.transitionvin DGEfBPP'

{'s due to the "hysteresis effects" caused by slow cooling

(after vacuum-oven dried at 70°c) and subsequent fast _

_ heating (10°C/min temperature run).(lol) The glass transition
:‘temperatures'(rg)'of DGEBA and DGETBBA are resolved by ‘ '

qﬁenching the sampies at the molten state (Tm) followed by -

10°c/min temperatdre runs, 'Crystallization of the-eampies

'does not occur'fast enough=at'thﬁ;heating rate to give

- endothermic melting curves. The melting peak of DGETBRA

'reappears after annealing the sample at 115 (o} for 12 hours.

2 5 Brominated Epoxy Resins Used as Commoners in the -
DGEBA System

_ Equal amounts of DGEBA and DGETBPP (or DGnTBBA) are .’
. mixed at 120°C with a calculated amount of phthalic anhydride
(0.6" equivalent per equivalent of epoxy group). The resin is

: initially maintained at 120°c for one hour and 15 then cured

: for 1-2 hours at 170 -180°C. The curing reaction is monitored
_ by taking the sample out of the batch«aé‘the.various stages of

‘cure and examining the changes of absorbance in the IR spectra.

The cured resin is characterized by TGA and OI.
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2.6 onoxv Resins/Poly(butylene terephthalate) System
» Samples are prepared by mixing poly(butylene teré-
phthalate)-and the additive resins étvthe specified weight
ratios and are meltéd with stirring in the aluminum dishes,
Char yields and oxygen indices are taken. The reactions
between DGETBPP and poly(butyleﬁe terephthalate) are
followgd by FT-IR. IR spectra are taken on the thin films

" of the samples coated on the aluminum plates using a

Reflectance Attachment (Figure 6).

2.7 Standard Procedure for the Preparation of the
Oligomeric Phenol-Formaldehyde Resins

.The phenolic'monbmers used in the syntheses include
phenol, m— and p-cresols, m— and Efchlorophenols,~énd m=—
and Qrbrcmophenols.' | ‘ :

Cne mole of phenolic monomer, 66,2 g (0.83 mole) of

a 37. 8% agu queous solutlon of formaldehyde,-and 1,5 g of

’ oxalle'acld are reacted by refluxiﬂg at 95-97° C with

‘stirring. The precipitation of the resin is observed during

the reaction. Excess water and the unreacted phenolic .

monomer are removed by vacuum distillation, The solid resin

i is then dissolved in menthanol and precipitated in a large -

amount of aeidified‘water (pH 3.4). The precipitate is

“collected, washed with water, and dried under vacuum at

room témpe*atufe The resihs-are'obtained in 80-95% yield,

2 8 Characterization of the Oligomeric Phenol-
Formaldehxde Resins

The melting points of the resins are determined by DsC.

The huﬁber—avérage'molecular'weightszare determined by NMR




M2

i
1 @ !
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: ,

Figure 6: Schematic Diagram of Reflectance Attacfunent. .
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. using a Varian HR/NTC TT-220 profon NMR spectrometer. The

-;number.of repeating units is calculated from the ratio of the
~total aromatic protons and the hydrokyl protons to the total

- number of methylene protons.

2.9 Standard Procedure for the Crossllnklng of
Phenol-Formaldehyde Resins

© 2.,9.1 Crosslinking Through Ester Linkages w1th
Terephthaloyl Chloride

To a resin kettle equipped with two dropping funnels
'f and a mechanical stirrer is added 5.0 g of oligomeric resin
{containing 2.7-4.8x10 °mole of phenolic hydroxyle) in
':300‘mi acetdne (Aldrich, distilled). Excess (9.6 g, 4.7x1072
Amole) of terephthaloyl chloride (Aldrich. recrfstallized from
‘ Ahexane) in 100 ml acetone is slowly charged into the solutlon
f.¥51multaneously trlethylamlne (9.6 g,9.5x10 ﬁole) is added )
 dIOleSe into the reactlon mixture over a period of»l5
'_miﬁutes : The reactlon 1s kept at ‘room temperature for 12
:ﬁours.' At the end of the reactlon the crossllnked resin
'nﬁrecipltatesfrom the solution. The produc*' is washed
.EsuccessiVely’with acetone, distllled water. dilute ammonium
ehydrox1de solutlon. dlstllled water, dilute oxalic ac1d
:-f;solutlon, water, and’ acetone._ The final resin is then drled
b;under reduced pressure. B o

2 9 2 Crossllnklng,Through Methylene Llnkages

v2.9.2.1 Crossllnklng with s-Trioxane

To a resin’ kettle is added a solutlon of 5.0 g of

:-:)ollgomerlc resin, ‘a large excess: (36.0 g2 0.4 mole) of

7A7trloxane} and 3.0 g of Eftoluenesulfonlc acid in 200 ml of




bis(z—ethéxyethyl) ether. The solution is hszzsd at 95-100%¢ -

with stirring for 48 hours. The cured resin is washed with
distilled water and methancl, and dried undsr reiuced
pressure.

2.9.2.2 Crosslirkins with Termzldshvde

To a resin kettle is =zdded 5.0 g ciizcmaric resin,
200 g of 37.8% formaldehyde, snd 3.0 g of 3~:ciusnesulfonié
acid; The mixture is heated to $2-S4°C and —e Iuxed with .
.stirring fof 5 hours. The cured resin is than wzshed with

distilled water and metharol..

-. =Y I ab

2 10 Characterization of Cured FPhencl-Formzldehyde
Resins

- Selected samples of c red i°sirs ars ::El::e& by
'vaT—IR. Thermal propertles are determined *v T3 znd OF.

2.1 Preparation of Flue‘*“==3&se* Tolve=T ;;ss

2.11.1 ° Preparation o Biszuenals

9 9'-Bis(4-hydroxyphenyl )-_ho*ene (3333.31 =R, = H
2. 9.9'—Biscresol fluorene {(zC7), Ry = CESi R, = H
3. 9.9° —Bls(3 5= dlmethyl-&—hy**oxyn nsl)fl” crene (BINPF),
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' Bisphenols are prepared by following Morgan's(5°)

procedufof Excess phenol, cresol and 2,6-dimethylpheniol are
~ used in the condenéation reaction with fluorenone, & small.‘
amount of mercaptoacetlc acid is used as co-catalyst. Dr&
hydrogen chloride is bubbled through the reactlon mixture
for 20 mlnutes while the reactlon is kept at 140° 150 C. At
the end of’the reaction fhé viscose mass is washed with hot
water sevéial times and dissolved in NaOH éolution The
product is obtalned by tltratlng with concentrate HCl One
recrystallization from toluene gives white crystals.

- BPF: m.p. 224%-225%, yield 56%.

| Anal. Caled. for CpgHyg0,: C, 85.71; H, 5.1; Found:
‘c. 85. 62 H, 5. 21,

NMR_(G Y 6. ?8 ppm (phenollc protons)
7.10-7.80 ppm (fluorenyl protons)
8.10 ppm (hydroxyl protons)

.. BCF: m.p. 110°-111%, yield 70%.

T o—

nel. Caled. for Coply,0,1 Cy 85.73 H, 5.8%: Found:
C, 85.2; H, 5.43.
BDMPF: m.p. 271 272°c, yield 35%
o  Anal. Caled. for CopHag0pt C» 85.713 H, 6.40;
" Found: C. 85.52; H, 6. 26 ‘
. NMR (5 y: 2. 13 (methyl protons)
' 6.73 (phenolic protons)
..27.16;?¢?2‘(flﬂbrehyi'prOtons).
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2.11.2 Prepération of Polvmers

' -NaCl
Y L A L
H20aClCH2CH201

1. Polyiéophthalate of 9,9'-bis(4-hydroxyphenyl)-
fluorene {BPF-I); Ry =R, = H :

vé.k Polyisophthalate of 9,9"'-biscresol fluorene
(BCF-I): R 1= CH3: Ry =H

3. ‘Polyisophthalate of 9,9'-bis(3, 5 dimethyl u-hydroxy—
’ _pheny})fluorene (§DMPF-I), Ry =R, = CHB'
The polyaryiateé are éynthesized by interfaciél poly-
condensatlon using the procedure similar to that for the
L polyterephthalate of 9, 9'—bls(h~hyuroxyphenyl)fluorene For
. a typical run, 3.5 ¢ (Q.Ol mole) of BPF, 1.6 g {0.0L4 mole)
of sodium hydrokide and 2.i g (0.01 mole) of tetraethyl;
4am#9nium bromide are dispersed in 120 ml of water in a

blender. “To this mixture is added quickly wi{h vigorous




‘stirring 2.03 g (0.0l mole) of isophthaloyl chloride in 30 ml

- of 1,2-dichloroethane. After stirring for 3 minutes, the
addition cf 200 ml of n-hexane - is made. The separated
polymer is collected, washed with water and dried. The
product is redissolved in methylene chloride and precipitated
in 500 ml methanol to yield Q.O'g (95%) of polymer.. ‘
 Anel. Caled. for C35Ha0Cy c.'82.5o; H, 4.17;

Found: C, 83.79: H, L. 76.
- Ninp ¢ 0-91 (0.3 g/dl. methyl chlorlde,25 C)
Tg : 265 C
Td 1 500 ¢
Char yield, 800°¢C ': 59%
'.OI : 37.

. BCF-I- L. _ oS
Anal. Caled. for C35qu°u ¢, 80.6; H, g.zz; Foun@:'

_Cp 82 63 H’ h’ 76
Ninh : 0.25 (0.45 g/d1, methylene chlorlde, 25°C)

L 287°C
My o+ 52000
-Char yield, 800° C: 40%
. 0TI s 36.
. BDMPF-I v | | _
o - Anal. Caled. for c3? 28 04= C, 82.84; H, 5.22; Found:
"c. 79.775 H, 5.36. , . . .
0.85 (0.45 g/dl.,methylene chlorlde. 25 C)

Ninh ¢
?g H 315 c
Td R ] 5100 )
Char yield, 800° C: 3&%
0I : 35..
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2.12 Studies of Photo-Fries Rearrangement

'2.12.1 Irradiation Chamber

The eguipment for photo-Fries rearrangement consists
of a power source (Hanovia 27801), an ultraviolet light ‘
source (Meréury—Xenon Compact Arc Lamp, Hanovia 508B0090)
with 1000 watts of power and a lahp housing system
(Schoeffei'Instrument Co., LH 152 N Lamp Housing).

©2.12.2 UV Spectroscopic Studies

Polymer samples are diésolved in methylene
chloride (Aldrich, distilled) to make 6.0 X 1077
, solﬁtions. After thé initial UV-Visible specpra are taken
the quartz curvettes céntaining the sample éolutions are
theh placed in the irradiation chamber for irradiation;
Spectfa are taken after cértain‘periods of irradiation time..

2.12.3 ‘FT-IR Spectroscopic Studies -

‘ The aluminum plates coated with pOlymer films are
- subjected to UV irradiation. . Infrared Spectra are taken

‘before and after'irradiation. using ReflectanceiAttachment;




3. RESULTS AND CISCUSSION

3.1 Flame Retardants Containinsvloob Functionality

3.1.1 Effects of Phthalides on Thermal -
Properties of’Pclyners

3.1.1.1 Bisphenol-2 Polycarbonate System

- Table 1 summarizes the véluesof char yield and
oxygen index for all the polymer samples incorporated with
different amounts of addltlves. Bisphenol-A polycarbonate
containing phthalide additives shcw slight weight changes
in TGA at 800°C as compared to the polymer without the
“additives. The amount of weight change actually correspends

_to the amount of additives incerp orated into the polymers
.11ndlcat1ng the additives are not active in the condensed
phase. The TGA curves (Flgures ?-9) =now two areas-of .

B welght losses correspondlng to the avapcratlon of phthalldes
and -the deccmp051tlon of the poly"er* (dvscuseed later) A
plot of oxygen 1ndex as a funetlon of the percentage of three
dlfferent phthallde addltlves in b1~uhenol-A polycarborate is

1llustrated in Figure 10 .f The subs»ltuted blsphenyl ‘

o phthalides are found to increase the -

1voxygen 1ndex in a llnear fashlon w1th 1ncreas1ng welght % of
}the additives. 1In substltuted phenyl“hthalides the relatzve.

"iorder of effectlveness 1s Br > Cl > en. ‘based on the slope~

. of the plot.

_ Although a large body of rese,rch,lnto the mechanlsm
of halogen flre retardants have been renorted, con51derab1e

uncertalnty remains concernlng the relatlve 1mportance of

-
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. ® 3,3-bis (4-Brcmopheriyl)phthalide
o 3, 3—b:.s (4—chlorophenyl)phthal:.de
* Phenolphthalein

30F

" Oxygen Index

. S 1
10 20 30
- Additive, Weight %

-

Figure 10: Relationship of Oxygen Index wa.th Additive

Content in Blsphenol-A Polycarbonate.
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" hydrogen halide gas versus free radical reactions. The role

of hydrogen halide as the primary inhibiting species in ges-

o phése reactions is supported by the fact that the inhibiting

effect~(as measured by the flame Yelocity) of brémine (Brz)
aﬁd chlorine (Clz) in a carbon monoxide-oxygen flame can be
increased by the addition of hydrogen (Hz)(5l'50). The ‘
halogens are considered to be dissociated or converted to ﬁX
molecules. - The diatomic halogen molecule is hencé not
expected to be the inhibitor, but rather the halogen atom or .
HX molecules(56) Nevertheless Fenlmore and Martin (53)
have found that the 1n3ect10n of hydrogen chloride or
chlorine into the oxygen-nitrogen mixture used in their
oxygen'index measurements has little or no effect upon bxygeh'
‘index. The inhibiting effect is found only when chlorine
is substituted in the polymer. The halogen flame inhibition
~°?n not be considéred to Ee only due to the Blenkefing and
époling actions of the gases evolved sihée cértain ha;ogen
containing materials are much more effective thén inert
_gases such as carbon dioxide and nltrogen(5u) Therefore;.
the actions of halogenated fire retardants are mainly
'chemical in nature. The mechznisams associatéd.With polymer
‘combustion and its suppreséion'hés been reviewed by.
:Harren(sj), Rosser gﬁ g;.(57auave proposed a medhanism for
vthe suppression of the gas-phase radical reactions. It
consists of the replacemeﬁt of fhe radical chain carriers

» by 1esé reactive halogen atoms (X+):




"HR + X°+—> HX + R
. He+ X —> X+ H,
OH++ HK ~——> X+ H,0

where HR represenfs the fuel or other hydrogen contaihing

species. The substitution of X'for H and OH results in a-

" reduction of diffusion of such species and the possible

exothermic propagation reaction:
OH*+ €O ——> Het CO,
and chain branching reactions:

Het 0, —> OH.+ 0.
Hy, + 0+ ——> OH-+ He

Creitz(58) has indicated however, that thelhalcgen

- acids mlght not be the primary 1nh1b1t1ng species. based onv'

the experlmental results that the inhibitor (HX). when added .
to the fuel, is 11ttle more eIfectlve than the equlvalent '

amount of nltrogen(59) S It appears that the halogon aclds_;

. can not survive under the ox1d1z1ng condltlons 1n the o

" resction zone. It is more 11ke1y that the 1nh1b1tlon takes

place in the oxygen-rlch. recomblnatlon reglon whlch is out -

side of the reactlon zone of a dlffu51on flame. Removal of

"the actlve oxygen atoms accounts for the 1nh1b1t10n effect

accordlng to the follow1ng mechanlsms.
“-o-+‘x- P —s ox o+ u*
0+ Xy —>X0r 4+ X
0 0> X- + 0
xo-" “OH —> HX + o




s,

' The relative effectiveness of the various halogens as
flamé inhibitors has been found to be directly proportional to
their atomic weights, i.e., F:Cl:Br:T = 1.0:1.9:4.2:6.7(60),

* Perhaps the differences.in efficiency among the halogens can
be explained by the differences in bond energy(él) (C-X bond
energy in Keal/mole: C-F, 107.0; C-Cl, 66.5; C-Br, 54.0; and
C-1. 56.5). | S |

_ Infrared‘spectra (Figure 11) of the pyrolysis gases
frem the TGA experiment on bisphenol-A polycarboﬁﬁte contain-
ing chlorophthalide show a trace of HCl formation at the eariy.
stages of heating. The weight loss in the range of_300°—h00°0
" (Figure 8) may be due to the evaporation of the additives.
_ The chemlstry of additive pherolnhthaleln in
: blsphenol—A polycarbonate involves reaytlons taking place at ]
160o 180°C." This is clearly shown by the Differential
"Scann‘ng Calorlmetry (DSC) thermogram (Figure 12) of the
sample.  The welght loss starting from 120°C 'in TGA thermo- .
" grem (Figure §)'méy be due to the evéperation of water which

‘fls proposed to be one of the possible products of the ‘follow-

ing reactions:

 :03.+ RH —> H20 + Ry
~(R10H: phenolphthalein: R,H: polymer)
Consequently phenolphthaleln changes the mechanlsms of
yyrolytlc degradatlon of the polymer and alters fuel

© production process resultlng in flame retardatlon.
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3.1.1.2 Poly(butylene terephthalate) and
Nylon 6.6 Systems

The bromophfhalide’additive in poly(butylene tere-
phthaléte) leads %o an.increase in char yield and an
’increase in oxygeniindex as indicated in Table 1. The
condensed phése activity can be attributed to the loss of
bromine and the crosslinking of the éromatic rings of the

additive and the polymer by free—radical coupling reactions:

Q1 i =+ GreQ e
Br- + C -—-—9 HBr-r-/—)— .

OO

w

O

Nylon 6.6 does not prov1de crossllnklng sites resultlng in

an unchanged char yleld. )
The char formlng act1v1ty is reduced due to the

évaporatlon of the addltlve in the 200° —350 C range as

-indicated in Figures lj_énd 14, This result leads to an




Table 1.

Thermal Analytical Data of Polymers Containing
Phthalide Additives

Char
. Yield %
' ’ (2) [Parts by a Oxygen
Polymer Additive ol Wt % 800 C,N, | Index,H
. ) None - 20.7 21.5
pospnenol-A 13 5bis (h-Bromo- |__10 17.7 25. 5
carbonate phenyl)- 20 17.0 — 30.0
. phthalide 30 13.3 33.0
' 3,3~bis(4-~Chloro- 10 17.3 24,3
phenyl)-~ 20 ’ 15.8 27.0
~_phthalide L 30 13.6 30.0
Phenol- 10 21.0 23.0
phthalein .20 2L. 4 24,5
30 29.0 26.0
PBT ' None 1.1 23.0
‘ L 3,3-bis(4-Bromo-
phenyl)- 30 2.6 31.0
phthalide
. None - 5.9 24,0
Uy 3,3-bis(4~Bromo- '
Nylon 6.6 pﬁenyl)— : - 30 6.1 . 32.0
phthalide ’

(a) 3. 3-bls(4-bromophenyl)-
" phthalide

3, 3-bls(h-Chlorophenyl)-
phthall e

‘Phenolphthalein
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expectatlon that less volatile material such as an ollgomerlc
addltlve should retain its effectlvenees at high temperature.
In the 1ater sections it will be demonstrzted that a hlgh
degree of char fo*mlng ability will result with the

. incorporation of an epoxy resin additive.

3.1.2 Effects of Phthalide Centain;n‘ Epoxy Resins
on the Thermal Properties of Polymers

- 3.1.2.1 Epoxy Copolymer Resins

_ Summaries of the thermal analyticzl data of the
phthalic anhydride cured DGEBA, DGEBA/DGETZZA, and
DGEBA/DGETBPP resins are shown in Table 2. The presence of
DGETEBEBA in DGEBA leads to an 1ncrease of char yield from 7.3%
) to 13 6% and an increase of oxygen index Irom 21 to 31. The
TGA thermograms in Flgure 15 show no 51gn of the evaporation‘.
‘of the.additives.' The char formation mechanism is similar .

~ to the one described preV1ouslj The incresse of char

"“formatlon has been observed in-other halogsnated polymer

systems such as styrene-vlnyl benzyl chloxr de conolymers(éo)

.<and chlorlne subSultuted aromatic polyam.ees(él) In these

systenms the cleavaze of the C €1 nond encharces the cross-

aromatic
llnklng of the aromatlc rings.

The replacement of ﬁGETBBA by bGIT“P? in the -
.'conolymer resin leads to another 1nc*ea=e in char yield from

' 13.6% to 22% and an incérease in oxygen index from 31 to 34,

- suggesting that the loop functienality of IGETEPP contributes .

to char formation and overall flame retardancy of the resin.




Table 2.

Thermal Analytical Data of Epoxy, Resins

(2) . Bromine Char Yield,%

Resin Content;% at 800°¢, Ny oI
 DGEBA o 7.3 21
DGEBA/DGETRBA : Ls 13.6 v 31

' DGEBA/DGETBFP 50 T 22.0 34

. (a) Cured with phthalic anhydride.
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3.1.2.2 FT-IR Studies on Curlng Reactlons
__of the Epoxy Resins

The curing reactions of DGEBA/DGETBPP with phthalic
anhydride are studied by infrared spectroscopy (Figure 16).
The curing reaction involves openlng of the anhydride ring

by an active hydrogen(6 ),

PN c—on
(:) /p + Hzo —
: e c—on
~ The initial reaction is addition esterification:
o, 0 OH
N

Soon N
—C—0H + 3¢ cC -c-o-c-c—

The bands near 1850 1765, and 715 cm -1, which decrease in
1nten51ty durlng the curing reactlon. are related to the-
_ structure of phthalic anhydrlde. The increase in 1ntens1ty'
" of the band near 1070 cu™l results from the formation of an
- ether linkage. Thebcrosslinkedbstructure is formed at the
expense of oxlrane rings of the epoxy resins. Accdrdingly.
the oxirane rlng breathlng adsorptlons at 1260 and 910 cm 1
.dec:ease in 1nten31ty. " The changes in 1ntensxty'are clearly
demonsffated in the difference spectra obtained by subtract-
: ing the 1510 Qm’; |
ring) to'the base line (Figure 17). The spectra of the

band (semicircle stretching of the benzene

1nd1v1dua1 components are shown in Flgures 18 21.
- Similar changes in the 1nfrared spectra are. observed

during the curing reaction of DGEBA/DGETBBA with phthalic
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anhydride. The decreases of bands at 1850, 1765, 1260, and"

715 cm'l associated with phthalic anhydride are shown in

Figure 22. The sample after curing at 120°C for one hour
already shows the presence of an additional band at 1070 cm™t
_(ether linkage) which does not increase much after further
heating, indicating that the curing reaction is near
completion. The difference spectra are shown in Figure 23.

3.1.2.3 Epoxy Resin/Poly(butylene tere-
. phthalate) System

'The thermazl analytical data of poly(butylene tere-
phthalate) containing different epoxy resin additives are
. shown in Table 3. By comparing the data one can find that.
DGEPP and DGETBBA have an equivalent influence on oxygen
'_index.b'However, the ISOb_functicnality of DGEPP increases

the char yield{ -The presence of bromine in DGETBPP causes a

i sllght decrease in char yleld and an increase of oxygen index

_by one unlt as compared to the LGEPP system.

) If one takes into account the char yields of the
‘ addltlves. the actual 1ncreased char formatlon will be 11. 5%,
6. 9% and 9% from DGEPP. DGETBBA. and DGETBPP, respectlvely.
'The values are obtained from the dlfferences between the
experinmental char yields and the calculated char ylelds 1n
Table 3. ' '

3 1. 2 L PT-IR Studles of DGETBPP/POly—
jbutylere terephthalate)- System

The spectral changes whlch ‘occur upon heatlng the
mixture of DGETBPP and poly(but}lene terephthalate) at melting

are shown in Figure 24, ‘In order to compare the spectrum of
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Table 3.

Thermal Analytical Data of Poly(butylene terephthalate)
Containing Different Epoxy-Resin Additives

Oxygen

Additives % Weight 2¥a§og%§%d&f Index,%
None - o ‘ _ 24
DGEPP 30 20, (8.5)®) 27
DGETBBA 30 10, (3.1){8) 27
DeETBPP 30 18, (1)@ 28

(a) Calculated values based on 30% contriﬁution
from the char.yield of the additive (DGEPP,"

- 26%; DGETBEA, 8%: DGETBPP, 34%.
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the  mixture with that of the original sample, a sum
‘spectrum.of DGETBFF and poly(butylene terephthalate)

(Figure 24) is constructed by a 0.5:1 addition of the
-individual'spectrum. A new band at 1130 cm'1 associated with
‘ether linkage (C-0-C) is observed. The newly formed ester
bond (0-CO) shows = band at 1295 em~1, The decrease

6f the band at 1250 cm™ associated with oxirane ring breath-
ving absorption is clearly observed. As a result of the
stiffer structure, the carbonyl C=0 shifts to 1735 em L,
Opening of the oxirane ring in'DGETBPP results in the
formatidn‘of -0H groups so that the increase in intehsity of
o théibands in the region ofv3b00—3600 cm'l is observed.
These spectrél changes are clearly deﬁonstrated in the
difference spectrum (Figure 25), obtained by subtraéting the
© 1770 en~Y band (lactone ring stretching vibration) to the base

1 ana

_liné. The positive difference bands at 1130 em~
11295 em™! are observed. The decrease in‘inténsitybbf the
band at 1250-1260 cu ' and a shift of carbonyl sbsorption are
- also 6learly resolved. The change in the degreé of crystal-
linity of poly(butylene ferephthalate) caused by the melt
proceés is demonstrated by the appearance of a sharp positive
difference band at 736 c@'1(65). The subtfaction criterion
for the reduction of the 1770 cm"1 band toithe base line isv
to e;iﬁinate cne cémponent (DGEEBEP) from the mixture. The

other'component may leave a few difference bands in the »
spectrum. For this reason the difference spectrum shown in

Figure 25 is ‘contracted 5 times'to avoid confusion.
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Fror the above analysis, the interaction of DGETBPP
with poly(butylene terephthalaze) may be assumed to proceed
1s),

according to the following mechanisms

. . _ 0 ‘
CHZIE;CH-R1+ Rz-CHZ-CHZ-Cﬂz—CHZ-O—C-Ph-RB_ —

* CH,-CH-Ry
, [

R?_-Cﬂa—CHZ—CHZ-CHZ-O“---S-Ph-R3 —_—
. : o
RZCHZCHZCHZCHZ'O'?HZ’CH'RI
0-C-PhR
i 3
oY
' The final p*odﬁét is completely soluble in phenol at
elevated. tem rature. Further heating of the sample at 300%;
"for 3-hours after _mixing leads to insoluble materials
attributed to a crosslinked structure. The increase in char
iformaticn is indicative of the formation of the intefmediatel
compcund during the heating pfocess that is capable of
’alterlng the mode of decompos1 ion of poly(butylene tere-
' phthalate). o ‘
3 1.3 Conclusion
Small molecules containing loop functlonallty used

.as additlves do not affect the char formation of bisphenol-A

'.‘Apolycarbonafe. The increased *lame retardancy appears to be

. mainly due to the presence of bllogens. However, in ‘

_:poly(butylene terephthalate) the cleavage of the




-Br bond of the flame rétardant additive seems to

caromatic

enhance the-crosslinking reactions between the aromatic

rings reéulting in a higher char yield.

The only apparent evidence for the char-forming
activity dﬁe to loop functionality is found in the epoxy-

resin systems.

3.2 Phenol-Formaldehyde Resing

3.2.1 Structural Studies of the Qligomeric Resins

In the syntheses of phenol-formaldehyde resins,

" numerous different types of reactions may occur. Among

these are hydroxymethylations of phenolic rings:

+ OO0 ————> CH,OH

'Further reactions of the hydrbxymefhylatéd'phehdls. 11,

‘'with formaldehyde glves hemlformals and polyformals. : "f‘-,
CH20
II + CH O —_— ZOCHZOH _— (ca 0) CH OH
(III) -

HO(CH O)xﬁ + CH20 ————9 HO(CHZO)X+1 .




Diphenylmethane-type methylene bridges (V) and dibenzyl

ether-type bridges (VI) are the products of condensation

type reactions:

I+ 11 —> @—CH© +H
| 211 —> @—cxzoc:}tz@

(V1)

The mechanisms and the rates of these feacfions
vhainly-debend on pH, type of catalyst, and temperature(éé).
“«Ae a general obserﬁation. resol resins contain appreciable
methylol and ether groups. while novalak resins contaln very
; llttle methylol and ether groups(67) ’ |

. Model compounds-have been studied by Woodbrey,
.et al. (68) The results (figure 26) show the differenth
‘chemical shifts in NMR‘spectfa for different type of
'methylene brldges - The shlft dlfferences observed between
methylene protons of o~ and p~hydroxymethyl groups are
prlmarlly due to the strong 1ntramolecular hydrogen bonding
.,between o-hydroxymethyl and the phenolic hydroxyl groups.-

The methylene bridges formed during the condensation
'of phenol and formaldehyde can result in three different
fprms designated as para-para' (I), ggzggﬁpgga' (II).
ortho-ortho’ (III).depending upon the positions of the
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Figure 26: NMR Chemical Shift Region for Different
Functional Groups of Fhenol-Formaldehyde Resins in Dilute
Solutions in Acetane. ' '

Je Co Woodbrey, H. P. Bigginbottom and H. Me Culbertson,
Je Polymer Sci., Part A, 3, 1079(1965).
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hydroxyl groups on the adjacent aromatic rings relative to

the mefhylene bridge.

/@_‘»an—@ _ ©—CH @ @w @ |
. . on -
(D o (11) | - (111)

.Hifst.!gg g;.(69) has assigned the chemical shift for each
of these three oifferent configuraﬁions in dimers (Figure 27).
. The chemical shift of 3.75, 3.89, and 3.97 ppm observed for
: the_methylene resonance in I, II, and III, fespectively.bare
typical for larger moieties, and they form the basis for -
interpreting the data obtained in our studies;
v Figures 28 to 32 contain the 220 MHz NMR
spectra of the phenol- formaldehyde ollgomers =how1ng clearly
.'hydroxyl,’aromatlc, and methylene resonance peaks. The spectra
qf..creéol—formaldohyde oligomers (Figﬁrés 33uand 34) show
~the methyl resonance peaké.' The splitting pattern of the
absorptlon bands are not very well defined. This‘is in'part
a result of the 1arge number of isomers even w1th relatlvely
low molecular weight resins. - For example, there are 13,203
linear isomeric structureé for a polymer having only ten
| phenolic units tied together with methylene bridges through'
ortho or 2___—positions(7°) As a result, 'therebis a lack
o-of complete equivalence of all the protons in a polymer chaln :
" The absorptlons due to the phenolic hydroxyl protons

are usually in the regxon from about 8. 00 to 9. 25 ppm. The
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aromatic protons observed'in the region from 6.25 to

7.50 ppm. The methyléhe prbtons (except for those of»gggg-
substituted phenolié resins) can be resolved into peaks due
to p,p'-, 0,p’'- and 0,0'-methylene bridges (Figures 28, 30,
32, and 34). The ortho-ortho' resonance is observed as a
shoulder on the ortho-para pesk (Figure 28). 1In some of
the m-substituted phenol formaldshyde oligomers-these peaks.
are resolved (Figures 32 and 34). Similar observations have
been found by Hirst(??) (rigure 35).
The substituent groups have altefed the chemical

_' Shift of the methylené protons slightly. Differences in

shift are related to the field effect arising from the
substituehts(7l) The methyl groups (+1) move the chemlcal
' shlft of methylene protoms to higher field (3.87 ppm for '
BCF). On the other hand halogens (-I) move the chemical
shift to lower Il’ld (3. 93 ppm fer ©BPF ‘and &4.00 ppm for
kPCPF). The effects of halogena are in agreement with the
,ordervof electronegat1v1ty, that is, C1 )»Br. For non-
" substituted and meta—substltuted phenol- fo*maldehyde
ollgomers the chemlcal 'shift of methylene protons of a
perticular 11nkage. for example, o*tho-ortho methylene

1br1dge. also increase in the orde* of electronegat1v1ty of

' the substituents: -C1 (k. 25 ppm) > -Br (4.12 ppm) > -H (3 87
- ppm) > ~CHy (3.75 ppm). .

The fleld effect arlslng from the electronlc dlnole

-moment of the substltuents is de ependent on the or;entatlon

vof-the'd;poles and charges ‘with respect to the C-H.bond;
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The meta-substituents are at the Qggg—positioh with respect
to the methylene protons, therefore,'ihey have a greater
influence on the chemiéal shift of the methylene .protons

" than the para-substituents. o

The possible side products such as, hemiformals,
polyformals, and the diﬁenzyl ether type of bridges will give
‘rise to absorptions in the 4.70-5.20 ppm region(és). These
.absorpfions are not found in the NMR spectra of all the
‘samples being studied. » } '

Infrared spectra (Figures 36-39) reveal further
details of the structure of phenol—formaldéhyde resiné.. Many
articles have appeared in the iiterature on the identificaﬁion
df bhenolic resins by means of infrafed spéctroscopy(72‘76);
Secrest(67?'has summed up the available results in the field
' and suppleméﬁtéd these with his own findings. Those results
pr§vide useful information on the assignménts‘of ébsofptibn
bands in this study. P

“Both thephenollc and allphatlc hydroxyl groups absorb

,strongly in the region of 3600 -3100 cm l. The weak absorption

due to the aromatlc CH appears at 3010 cm'l and may'be masked.
by the hydroxyl absorption in. the case of mCPF (Figure 39).The
aliphatic hydrogens can be observed as a weak peak at

2900 cm';._ The 1600 cm’1

band 1nvolves "quadrant stretchlng"
_ of the benzene ring C “"C bonds(?7) The 1nten51ty of the

: absorption is dependentAon the nature and positién of the
Substituénfs. The absorétion is stronger.fbr ggzg-substituted

phendls'because of the dipolé moment change provided by the
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unsymmetrical substiiuents. Two bands in the reglon of
1550-1400 cm'l are due to semicircle stretching of the benzene_

-1

1ng(78). The band at 1450 cm — is stronger in the meta-

substituted phenolic resins. The band between 1uoé-iaoo'cm‘1
_ié assigned to the OH deformation of phenol(?e). This bandb
is absent in the spectrum of X(C)PF in which the hydroxyl
groups are reacted with terephthaloyl chloride, while it
remains in the speétrum of the resin cured through methylene
linkages (Figurevko)} Substitﬁted phenols give.rise'tp an
- absorption band in the region of 1300-1180 ém"} due to C-0
stretéhing vibration of phenol. Depending on the pos1t10ns of
the substituent the 1nten51uy and the p031t10n of the
absorption of phenols vary. Detailed correlatlons are made _
for alkyl phenols in solution{€9). ne meta-substltuted '

phenol absorh> trbnaly at 1300 -1250 cm 1. The band at.i»

. 1100 cm -1 arises from the ether groups(67 81)

CHZ-O CH

Aldehydes can develop by spllttlng -of the dlmethylene Co
lxnkages(sz) ' S
o ! X - OH

’.::-n-:r:
c:
m—n-:x:
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This mechanism offers the explanation for the

existence of a wesk band near 1710 cm™l in the spectrum of
the cured resin (Figure hO).' One strong aﬁsorption bénd
~that is present in the spectfa of all thevphenolic resins
of normal phenol and para-substituted phenols is at about
815 eml due to the in-phase out-of-phase C-H bending
~ vibrations of the substituted benzene rlng(73 17k, 76, 83)
The para-substituted phenols (1:2:4:5 substituted benzene
ring) also exhibit a strong abéorption band at 860-875 em L.
_ This assignment is in agreement with that of Richa:ds and
_ Thompson(7h). Bende*(SB). and Lucche31(73)
The infrared spectra of phenolic resins cured Wlth
formaldehyde and terephthaloyl chloride are shown in
_ 'Figure 5o, _ B '
' In the formaldéhjde cured resin the changes are 
‘observed as an increased absorption at 2900‘cm'1‘fromfthe

methylene CH stretching, 1700 cm~t from the aldehyde

1 (67)

carbonyl groups, and 1000 cm

Eaas
T W RE

" This result is in agreement with the crosslinked

from the methylol groups

structure.
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The curing of phenolic resins with terephthaloyl
chloride may have .occurred inter- and intra-molecularly with

hydroxyls to form esters as suggested by Lei and Khamis(zg)a

C-Cl | . | OH | ‘I
I A=

Cc-Cl
1

Py
s
N

”@

. CHZ' ) In'_tramo:.l.ectz..ar_ v
= O R . crosslinking
-'Intermolecu}ar ‘
crosslinking
The resulting resin is expected to give absorptions at 1735,
1260, 1190, and 1065 cn™l due to the carbonyl groups, the
(8%)

 ester C-0 groups, #-C-0, and C-0-C, respectively The




..934»

C-H bending vibrations of para-substituted benzene ring of
the curing agent'give rise to a sharp band at 1010 cm’l.

- Where the 2 and 3 hydfogens move clockwise while the 5 and 6
hydrogens move counterclockwise(ss). The sharp band at
720 en? is assigned to the aromatic ring of the phthalate(87).

3.2.2 Number Average Molecular Weight Determination

.For . unsubstituted phenolic resin the structure is

assumed to be the following simplified form:

| T - o |
. HOCH, O CH, .__©__CH20H | |
R Jn::o'l"-... - ’

The various NMR integrais are défined aé follows: 'Ai =;
relative number‘of hydroxyl protons; Az =_rela§ive riumber of
éromatic.fing protons; A3 = relative number.of'methylene.
protoné;'m = (Al + Az)/AB. The rétio.‘m; increases as the
':répeating'tnit, n, increases. o , ;

| The value of'(Al } Az)'will increése from 6 (whén
_‘n = 0) to 6 + Ln, and the value. of A3 will increase from 4
(when n = d) %o hv+ 2n. The value o6f m can be~expfessed in
teI;nlﬁ of n: ‘ V | k ‘ |

6 + bn
T+ 2n

Therefore, the valué of n can be calculated from:

mn+ 1)-20-3=0 ,




and the number-average molecular weight, Mn, is obtained:

Mn =j 106h + 154,
For mono- substltuted phenollc resins the value of
n is glven by ‘
m(2n + 4)-3n-5 = 0.
The number-average molecular weight for each different

resin can be calculated from the following equations:

L]

mBPF,pBPF: Mn 185n + 233
mCPF,pCPF: Mn = 140n + 188
- mCF , pCF: Mn 120n + 168.

Table L shows the results obtained on the phenolic

re51ns by using the above methods.

It should be noted that the calculations of m, n,
and Mn, ‘assume the absence of cycl’e structures and branched

»1somers . The assumption m2y become 1nva¢1d for some hlgner
molecular weight resins. AlQo the errors accompanylng
determinations of m and n increase greatly with 1ncrea31ng
P brldglng contents and the molecular weight.

3.2.3 Thermal Properties of Cured Phenolic Resins

» V»Summaries'of.the thermal analytical data of the
“phenolic.resins crosslinkéd by formaldehyde and tere- ‘
. -phthaioyl chlofide.are shoWn in Tébles 5 and 6,_respécti§e1y.'
‘The oxygen 1ndex is plotted as a fuﬁction of char yield as |
' ShOWh in Flgure hl. An anproximate correlation between. oxygen
1ndex and char yield is found among samples contalnlng no

'halogens accordlng to the follow1ng relatlonshlp




Table 4,

Number Average Molecular Weights, ¥n, of

Oligomeric Phenolic Resins

m 'n Mn x 103

PF 2.07 13,2 1.53

mBPF 1,44 6.33 1.40

PBPF  1.45 8.00 1.71

'mCPF  1.48 23.0 3.42

pCPF  1.45° 8.00 13

b o mCF . 1.42 4.25 0.67
:3 pCF 1,43 | 0.78




Table 3.
,Thermal Analytical Data of Phenolic Resins
Crosslinked via Methvlene Linkages

- Sample Crosslinked Char Yield,%  Oxygen

No. Resins at 800°c, N, Index,%

1 x(m)eF % 35
2 X(F)FF - 56 3
'3 X(T)mcF 51 33
4 X(T)mCPF 32 26
s X(F)ucPF 50 7
6 X(T)nEPF . 38 50.

7 X(F)mBPF SR 75




Table 6.

- 97,

Thermal Analytical Data of Phenolic Resins

Crosslinked via Ester Linkages

suple  Crosgisked  fher BElgf  Omem
8 _X(C)PF ' b 25
9  X(C)nCF W 23
10 X(C)pCF 39 25
11 X(C)mCPF 39 39
12 X(C)mBFF 26 43
‘13 x(C)peeE 46 k2

37 55

1k

- X(C)pBr?
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- OXYGEN INDEX, %
W
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o

70
60

50

% OL = 2.4 + 0,57 (% Char Yield at 800°C)

. CHAR YIEID, %

Figure 41: ICOrrelati

on of Oxygen Index and Char Yield of
Fhenolic Resins, o : : S '




% 0I = 2.4+ 0.57 (% char yield at 800°C).

Depending on the éxperimental conditions such as the sample
‘forms and the criteria for the oxygen index meésurements ‘
and the temperatdre defined for char yields, the intercept
and the slope of the curve vary. Van Krevelég)obtains the

following equation:
£0I = 17.5+ 0.4 (% char yield at 850°C).

~ In general, brominated phenolic resins are found to
haVé higher oxygen indiées with 1oﬁer‘char yields. The
reason has been discussed earlier in terms of a gas-phase
radical suppression1mechanism and the'loss of Br from the
structure. The‘gggg-shbstituted phenolic resins éured 115;
ester>lihkages give higher char yields‘énd oxygen indices
than the ggzg-éubstituted resins. Thé differerices can be
related %o their reagtivity towérds érosslinking.agents. In’
any ohe of the following proposed mechanisms(87) for the
condensatidn of phenols and acid chlorides in the presenée‘
of tertiary amines, tﬁe acidity éf‘phenols plaYs an

: " important role: :
. B~ |
PRI @—ONR + R'-C-C1 , . o
- i3 . : s
—~ . +9 | o?éRwR’N-m':l
‘ OH + TLN-C-R' — gN-HCL
- R S — .
R I , . L :
.@‘_°'9‘R R

0
H
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-

' Therefore, the para-substituted phenols which usually have

smaller Ka values(as) than those of the meta-substituted

phenols may result in a‘higher degree of crosslinking. ' The

' .degree of crosslinking has been found to have a direct

influence on char formation (Table ?)(89).
The results also show that s-trioxane-cured resins
have lower char yields and oxygen indices than those of the

corresponding formaldehyde cured resins. The infrared

’ spectrum of X(T)mCPF (Figure 42) shows a strong ether absorption
. at 1100 cm™! which is observed as a weak peak in the

spectrum of X(F)mCPF. The methylol absorption at 1000 et

1 and

is relatively stronger. The bands at 1250-1200 cm~
940-900 cm"1 (strong) are the characteristics of aromatic

#ther such as m'ethylené-l.2—dioxybe'nzenes (gf-o-cnz-ov-p’)(”)‘

,The'relatively low intensity of fhe OH stretching absorption
indicates that hydroxyl groups are involved in the .

s-trioxane brosslinking reactions. From the above observa-

tions the mechanisms for such reactions can be assumed to

. proceed the following way:




Table 7.

of Phenol-formaldehyde Polymer

Char Yields as a Function of Degree of Crosslinkingf

- Phenolic . Char Y&eld.
Polymer Hexa Sol.Fraction - at 8007C, N,
l-a - 1.00 -  u32
1-b 8.3 0.76. . 50.2
1-c 6.9 0.51 ' 51.2
1-d b2 okl . 58.9
l-e 2.8 o2l 6.9
1 19 009 67

iCu**ng by nexametnylensta ramine (hexa) at
157°C under Ar. ‘ R

J.A. Parker and E. L.‘W1nkler. NASA Tech. Rept.
TR R-276
Nov. 1967

101.
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The finzl cured résins contalns aliphatic ethers, methylols,
methylene linkages and cycllc acetals. ’

3.2.4 Co relusion

The structures of the oligomeric phenolic resins
have been studied by NMR and ET-IR spectroscopy. The
oligomefic resins cohsist nainly of methylene linkages

joining at the ortho and para positions of the phenolic

nuclei. NMR specirz also profiﬁe an approximate estimation
of the number-averzge nolecular weight.

.The crosslinked resins are made Sy using formalde-
hyde, é-trioxane and terephthaloyl chloride as the curing
agents. The structures of the cured resins are studied by

IFT-IR spectroscovy. " The ibrmaldehyde cured resins contain
" a  small emouét of methylols and dibenzyl-fvpe ethers.
: Based on the ev*uepce frcm the 1nfrared spectra the
v reactlons between s—tgloxene and the ollgomerlc re51ns are
assumed to proeeed yia. cyclic acetal formation 2long with
. the conventional croeslinking'through methylene bridges.
Methylols and benv\l—*ype ethers are predomlnant in the
structures. .. '
Crosslinking of the ollgomerlc resins can alsc be
echieved through the reactlon4of.terephthaloyl chloride.
_The curing reactioré may have occﬁrred inter- and intra-
molecularly w1th the hydroxyls'to form eéter linkages.e
The thermal analytlcal data demonstrate the -
1mprovement in oxygen index due to the presence of halogens

in some of the resins.
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" 3.3 Photo-Fries Rearrangement of Flucrene-Based
_ Polyarylates

3.3.1 UV _Spectroscopic Studies

The UV spectra of the polymers in.methylene chloride
are recorded pericdically during the irradiation (Fiéures L3,
4, and 45). An increése'in:absorption in the region from
325 to 375 nm with a maximum at 355 nm for BFF-I and BCF-I
are related to the hydroxybenzophénone structure if one takés
into consideration the fact that low-molecular substituted
benzophenone derivatives absord in the regioh from 300 to
400 nm depending cn the type and position of the substituent

in the structure(9l). The absprption maxima of ﬁolymeric
- benzophenone also differ markedly from one another(bs'gz).,
By pomparing Figures 43 and 45,vthe increase is found to be
lesé in thé case of BCF-I. In the spectra of BDMPF-I-
, (Pigure 43) only'siight'changes in the region of 325-375 nm
are obseried. A more direct cbmpafisonjdf the 6hanging '
. rates is shewn in Figure 46. The cufves'resuit from plotting
the absorption at 350'nm for ‘each sample as a function of
: irradi#tion‘time. . ‘ '
'With the polyarylates exémined in this work, the
structural requirement.to produce the photo—éhemiéal—Fries
- rearrangement under UV irradiation is the presencé of at
N 1eas£_one unsubstituted position on the phenol rings ortho -
’fo the eétef groups. Thus. BDMPF—I does ﬁot féarrange under . -
. the irradiatioﬁ conditions. The substitution on one-half of
‘ the gggggrﬁositioné of.the;phenoi ringswith the méthyl groups.

[ SR
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Figtzie 43: UV Spectra of BPF-I-in Methylene Chloride Solution
‘before and after Irradiation for Different Periods of Time.
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Figure 44: UV Spectra of BCF-I in Methylene Chloride Solution
‘before and after Irradiation for Different Periods of Time.
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Figure 45: UV Spectra of BMPF-T in Methylene Chloride Solution

" before and after Irradiation for Different Periods of Time, -




ABSORBANCE AT 250 nm
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" 'Figure 46: cChanges in Absorbance at 350 mm with

Irradiation time : (A) BPF-I, (B) BCF-I, and
- (C) BDMPF-I.. o . :
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(g.g.. BCF-I) apparently reduces ihe formation of o-hydroxy-

benzophenone. : '
3.3.2 FT-IR Spectrosceric Studies

Ihfrared spectra shown in Figures 47, 48 and &8 fof
the samplés before and after 60 min. irradiation provigde
further information on the struclural changes resulting
from the rearrangement. The difference spectra are‘gé:eréted
by digitally subtractlng two spectra on & 1l:1 basis assuming
no change in thickness of the samples after irradiatica. -
The absolute changes are obtained with the scale expanded

:Slﬁimes. ' ' : ,
: In Figure 47 the OH stretching v1bratlon is otrsarved
as a wezk band in the region nesr 3300vcm 1. Broadenirg and
weakeningbof the band are.due %o the intrazmolecular hy?“drﬂn.
bondlng between the hydroxyl. groupd and the carbonyl greup et
the ortho p031t10n(93) The 1ntermelecular hydrogen on d;ug |
_ causes a slight shift of the ester c*rbonyl absorptlon
towards a lower frequency at 17%5 cm -7 + The p051b1%e'
péak at 163'0vcm'1 in the difference spectrum is attriduted

; to the highly pqlarlzed hydroxybenzophenone carbonyl,
group(us'u7). The ester C-0 bond breszking involved in the

" - _photo-Fries rearrangement is observed as a decrease in

intensity of a band at 1290 cmfl. The most notable change

in the difference spectrum is the *ncreased absorptloﬂ ln
- the- phenollc OH- defornatlon and C-0 stretching regicns around .

94
1220 cm -1 which also represents the Q-C-O vibratlon( )
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It is proposed that irradiation of BPF-I occurs with
molecular rearrangement to form a new polymer compound, in

part, of linear o-hydroxybenzophenone moieties as the product:

The spectral changes of BCF-I uneﬁ irradiation

".(Flgure 48) are almost 1dentlca1 to that of BPF-I except for
the less intense peak a% 1630 cm -1 1nd1cat1ng the formatlon :
of o-hydroxybenzophenone is 1nh1b1ted by the substltutlon of

‘ one of the ortho-positions in the phenol rlngswlth the methyl.
groups. Thls is in agresment w1th the result from the UV
spectroscopzc observat’ons e

A complete 1nh1b1t10n of the Frles rearrangement may :

occur in BDMPF- I. F1gure Lo indicates no formatlon of
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l). " Free hydroxyl groups are

1

hydroxybenzophenone (1630 cm™

‘observed as a strong band at 3300 cm™ . The hydroxyl groups

-are most likely to be the phenolic type which also gives

1 due to P-OH stretching

1

‘rise to a sharp peak at 1220 cm
vibration. The slightly decreased band at 2920 em”

"indicates a loss 6f aliphatic hydrogens presumably from the

1

methyl groups. A decreased absorption peak at 1745 cm — and

1 are observed,

an increased absorption peak at 1710 cm”
suggesting'the formation of ah éromatic aldehyde at the

expense of the éster group. The cléavage of the ester C-0
- bond is also evident, indicated by the negative difference

1

band at 1290 em . Based on the above analysis the following

" reaction scheme is proposed fdr the UV degradation-of

- BDMPF-I.




(1) + (1) _

0 0
n H
H-C — C—

CviIn)
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The quinone s:tructure_ (IX) may account for the
yelloiv color of the irfadiated sample. In the study ‘of
photo-degradaﬁion of a p‘olycarbonate'(95) » @ similar gquinone
structure (K) has been proposed as part of the degra&ation .
prod_ucts.

. ' . .

o -‘Q —<L‘:7—‘ e -

C—_O"“"——?
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3.3.3 Conclusion

An investigation of the photo-Fries rearrangement
in fluorene based polyarylates has been made. It is shown

that the structural changes of the polymers having free

-ortho-positions on the phenol rings are connected with the

formation of o-hydroxybenzophenone structures in the
polymer as a result of the photo-Fries rearrengement. UV

spectroscopy provides a direct detection of o-hydroxybenzo-

'phenone. _Digital subtraction of infrared data obtained by

Fourier Transform infrared spectroscopy has been applied in
observing the chemical changes occurring in the phofo-Fries
rearrangeﬁent process., Substitution:in the ortho-positions

of the phenoi rings results in a different route for

‘degradation. The degradation products include the aldehyde

moieties, phenols, and the possiblé quinone structures.
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